We performed ultrafast degenerate pump-probe spectroscopy on monolayer WSe2 near its exciton resonance. The observed differential reflectance signals exhibit signatures of strong many-body interactions including the exciton-exciton interaction and free carrier induced band gap renormalization. The exciton-exciton interaction results in a resonance blue shift which lasts for the exciton lifetime (several ps), while the band gap renormalization manifests as a resonance red shift with several tens ps lifetime. Our model based on the many-body interactions for the nonlinear optical susceptibility fits well the experimental observations. The power dependence of the spectra shows that with the increase of pump power, the exciton population increases linearly and then saturates, while the free carrier density increases superlinearly, implying that exciton Auger recombination could be the origin of these free carriers. Our model demonstrates a simple but efficient method for quantitatively analyzing the spectra, and indicates the important role of Coulomb interactions in nonlinear optical responses of such 2D materials.
Monolayer transition metal dichalcoginides (TMDs), have recently attracted great interests as a new class of two-dimensional (2D) direct band gap semiconductors [1, 2] . Their band extrema are located at the degenerate but inequivalent K and −K corners of the hexagonal Brillouin zone. The corresponding gap values are in the visible frequency range which makes them suitable for various optoelectronic applications. Due to the reduced screening in the 2D geometry, the Coulomb interaction effects in monolayer TMDs are remarkably strong. The exciton, the hydrogen-like bound pair of an electron and a hole, then dominates the optical responses of monolayer TMDs. Exceptional excitonic properties in these 2D materials have been revealed, such as large exciton binding energies [3] [4] [5] [6] [7] [8] [9] [10] , electrostatic tunability between neutral and charged exciton species [11] [12] [13] , the interconversion of excitonic valley pseudospin with circularly polarized photons [13] [14] [15] [16] [17] [18] , and the luminescence upconversion from a charged to a neutral exciton by absorbing an optical phonon [19] . The strong Coulomb interaction with the free charged carriers also results in a significant band gap renormalization as evidenced by a series of experiments [7, [20] [21] [22] .
Nonlinear optical spectroscopies are powerful tools for studying the photo-excitation dynamics with high temporal or frequency resolutions. Unlike PL which only detects the exciton bright states, the signals of nonlinear optical spectroscopy are also sensitive to optically inactive states. The existing experiments in TMDs mainly focus on the exciton population and valley depolarization dynamics, which have revealed the ultrafast lifetimes (∼ ps) of excitons [23] [24] [25] , the ∼ ps exciton valley depolarization rate [25] [26] [27] [28] , and the presence of long-lived states [29] . The physical mechanisms governing the nonlinear optical responses have been well studied in quantum well systems, which includes phase space filling, exciton-exciton interaction, etc. [30] . Besides these mechanisms, we also need to emphasize the strong Coulomb effects in monolayer TMDs. One of such effects is the exciton Auger recombination (or exciton-exciton annihilation) process, which appears as an efficient exciton nonradiative decay channel in TMDs [10, [41] [42] [43] [44] [45] . In carbon nanotubes with even stronger Coulomb effects, such exciton Auger recombination can lead to the generation of free carriers and an induced absorption at the trion resonance [46] . It has been shown recently that the band gap renormalization induced by the free carriers can explain the complicated nonlinear spectral shape of TMDs [21, 22] . Currently the challenge of the nonlinear optical experiments lies in formulating a quantitative model to tease apart the interplay of these different mechanisms.
Here we perform ultrafast degenerate pump-probe spectroscopy in monolayer WSe 2 to advance our understanding of the optical dynamics in TMDs and other low-dimensional semiconductors. A pump pulse with frequency near the exciton resonance is applied to generate population excitations in the sample, and we detect the excitation induced change in the reflected probe pulse after a certain time delay. The observed differential reflectance (dR/R) spectra exhibit complicated behaviors that can not be simply explained by the excitation induced bleaching. We introduce a simple but efficient and pedagogical model to quantitatively address the nonlinear optical effects and their interplay, which is most suited to extract useful information from large sets of data with complicated spectral shape. A careful analysis to the model reveals the important roles of the manybody interaction from not only the excitons, but also the photo-doped free charged carriers which is characterized by an exciton resonance red shift with a long decay time component (several tens ps) in the spectra response. In contrast, the response from the excited excitons has a short lifetime (∼ 5 ps) and corresponds to a resonance blue shift. We further analyze power dependence of the dR/R spectra which shows that with the increase of pump power, the exciton population increases linearly and then saturates, while the free carrier density increases superlinearly. This implies that the exciton Auger recombination process could be the origin of these free carriers.
Experiments were performed in a closed-cycle cryostat at 15 K. The highlights of the experimental apparatus are illustrated in Figure 1 (a). The output of a mode locked Ti:Sapphire laser (76 MHz repetition rate, ∼ 0.2 ps pulse width, ∼ 2 nm FWHM bandwidth) is split into a pump and a probe pulse. Each beam of pulses is amplitude modulated by individual acousto-optic modulators at frequencies Ω p for the pump and Ω b for the probe, each around 100 KHz. The beams are colinearly recombined and focus onto the sample with a high numerical aperture microscope objective (40x, NA= 0.65) to a spot size of roughly ∼ 2 µm. The time delay τ between the two pulses is controlled by a mechanical delay stage in the pathway of the pump beam. We measure the pump induced change in reflectance of the probe beam, dR, on an amplified photodiode with a lock-in amplifier at the difference modulation frequency Ω p − Ω b . Since the signal is detected at the difference modulation frequency, only nonlinear effects influenced by both the pump and the probe pulse will be measured. The incident beams' polarizations are set to cross-linear so that a linear polarizer in the detection pathway can be used to filter out the pump beam before detection. The total reflected probe signal R is measured on a separate lock-in amplifier at the probe modulation frequency Ω b to normalized the differential reflectance signal dR/R.
Monolayer samples of WSe 2 were mechanically exfoliated onto 300 nm of SiO 2 on n-doped Si substrates, and were identified through optical contrast. The white light reflectance contrast of the sample, given by ∆R/R ≡ (R SiO2 − R WSe2 )/R SiO2 , clearly shows a main feature associated with the A exciton at E 0 = 1.745 eV which can be well fit by an antisymmetric Lorentzian (the background linear offset accounts for the residue influence from the higher energy exciton [47] ), see Fig. 1(b) .
For the initial measurement the pump and probe beams have identical powers of 15 µW (∼ 10 13 photons·cm −2 per pulse). The dR was measured under varying pump-probe time delay, meanwhile the energy ω of the pump and probe beams was degenerately swept across the exciton resonance, creating a 2D map of the dR/R response as shown in Fig. 1(c) . There are two main features to notice here. First is the change of dR/R profile with increasing time delay: at short time delay the signal shows an antisymmetric form near the exciton resonance, similar to the reflectance contrast in Fig. 1(b) (also see line cuts in Fig. 2(a) ); while, at longer time delay (> 5 ps), the profile switches to a peak of predominantly positive signal which persists up to > 50 ps. The second feature is the blue shift of the dR = 0 position. If we simply attribute the dR signals to the excitation induced bleaching (i.e., oscillator strength reduction), then the re-sulted dR/R spectra should have an antisymmetric form similar to ∆R/R and the dR = 0 position should not shift. Obviously the measured time dependence doesn't support such an assignment.
We note that our measured nonlinear response dR/R can be viewed as the influence of the pump excitation to the exciton optical susceptibility χ. Besides the oscillator strength reduction, the excitation can also lead to an energy shift of the exciton resonance through the manybody Coulomb interaction. We then write the nonlinear optical susceptibility as
Here χ 0 = (ω − E 0 + iγ) −1 is the exciton optical susceptibility without the pump beam. The first term on the right hand side is the pump excitation modified susceptibility, with ∆x denoting the oscillator strength reduction and ∆E the exciton resonance shift. As the pump beam's energy is being degenerately swept across the resonance with the probe beam's, we used a standard Lorentzian shape L(ω) = ((ω − E 0 ) 2 /γ 2 + 1) −1 to account for the ω-dependence of the excitation population. ∆x and ∆E then only depend on the delay time τ . The differential reflectance is related to the nonlinear susceptibility through dR/R = A · Re(∆χ), with the constant coefficient A obtained from the antisymmetric Lorentzian fit to ∆R/R (Fig. 1(b) ). By fitting the spectra at each delay (horizontal line cuts in Fig. 1(c) ), the time dependences of both ∆x and ∆E are obtained. The resonance width γ is chosen as the best fit to the full 2D data set. Note that in principle the pump beam can introduce a spectral broadening, i.e., in the right hand side of Eq. (1) the linewidth of the first term can be larger than the second term. We find its contribution to Re(∆χ) is analogous to that from the oscillator strength reduction (both are antisymmetric, while the ∆E contribution is symmetric, see Fig. 1(d) ) thus its effect can be accounted by ∆x.
In Fig. 2(a) we plot several dR/R cuts of constant delay time and their fits using Eq. (1). The fit performs remarkably well, capturing the important features of the data, namely the transition from an antisymmetric to symmetric profile and the blue shift of the dR = 0 position. By linearly interpolating in time between the individual fits of constant time slices a full 2D map of dR/R can be simulated, as shown in Fig. 2(b) , which matches up extremely well with the raw data of Fig. 1(c) . The extracted time dependence of ∆x and ∆E are shown in Fig. 2(c) and (d) , respectively. Both are found to exhibit bi-exponential decay forms:
Note that the ∆x parameter is composed of two positive terms. The ∆E parameter, however, is composed of a fast positive and a slow negative terms as clearly indicated in Fig. 2(d) . At short time delays, ∆E + and ∆E − largely cancel with each other and ∆x dominates the dR/R responses; while at long time delays ∆E − dominates. This leads to a transition from antisymmetric to symmetric profile with increasing time delay. The fits using Eq. (2) are shown as the red curves in Fig. 2(c) and (d).
We now proceed to investigate the physical origin of ∆x f,s and ∆E ± . There are various physical mechanisms that contribute to the nonlinear optical response besides the well known phase space filling effect [30] . With a pump beam near resonant to the exciton energy it generates dense exciton populations, the exciton-exciton Coulomb interaction then brings a blue shift to the exciton resonance [48] . Besides the excitons, free carriers are also created by the pump excitation in the system. Generation of free carriers is reported even when the laser energy is significantly below the band-to-band transition [22, 49, 50] . Due to the strong Coulomb interaction in the 2D material, these free carriers can lead to a significant band gap renormalization which red shifts the exciton resonance [7, [20] [21] [22] , and also the plasma screening which not only decreases the exciton binding energy (resonance blue shift) but also reduces the oscillator strength. The net shift to the exciton resonance by the free carriers is usually negative [30] . Besides, both pump induced excitons and free carriers increase exciton scattering rate thus give rise to a spectral broadening, which in our model is accounted as a part of ∆x [30] .
From the above analysis, we assign the fast positive component ∆E + to be the exciton-exciton interaction induced blue shift, this is further confirmed by its decay time τ + ∼ 4 ps which is consistent with previously reported exciton lifetimes [24, 25, [51] [52] [53] . The slow negative component −∆E − is due to the combined effect from the free carrier band gap renormalization and plasma screening, with τ − ∼ 40 ps corresponding to the population decay lifetime of the free carriers. For ∆x, its fast (slow) component ∆x f (∆x s ) decays with a time scale τ f ∼ 7 ps (τ s ∼ 70 ps) similar to τ + (τ − ). Therefore we attribute ∆x f to the phase space filling and scattering induced spectral broadening from the exciton population, while ∆x s is the overall effect of the phase space filling, screening, and spectral broadening due to the free carrier population. The large difference between the two ratios ∆x f /∆x s ∼ 10 and ∆E + /∆E − ∼ 1 can be partly explained by the different scaling behaviors of ∆x s and ∆E − with the free carrier density ρ eh . We expect ∆x s to scale linearly with ρ eh while the exchange contribution to the band gap renormalization (in ∆E − ) scales as √ ρ eh [30] . Thus low density free carriers causes negligible oscillator strength reduction, but at the same time they can give rise to a significant resonance shift due to band gap renormalization. For ∆x f and ∆E + , we expect they both scale linearly with the exciton density ρ X in the low density limit. From the extracted ∆E + (∆E − ) value in Fig. 2(d) , we roughly estimate that the peak exciton (free carrier) density is around the order of ρ X ∼ 10 10 cm
. To further support our interpretations we analyze the power dependent differential reflectance in a second sample. In the following measurements the probe power remains fixed at 15 µW, while the pump power is varied from 5 to 60 µW. For each power a full 2D map similar to Fig. 1(c) is created and fit at each delay time τ to extract out the power dependent time evolution of the ∆x and ∆E parameters as shown in Fig. 3(a) and (b) , respectively (see the Supplemental Material [30] for the full power-dependent 2D data and the fits). We can see that the curves follow qualitatively similar patterns as Fig. 2(c) and (d) , only the magnitudes change with the excitation power.
Each of the curves in Fig. 3 (a) and (b) are then fit to a bi-exponential form (Eq. (2)), their best fit amplitudes (∆x f , ∆x s , ∆E + and ∆E − ) are plotted in Fig. 3(c) and (d) and the corresponding decay times (τ f , τ s , τ + and τ − ) are plotted together in Fig. 3(e) . In fitting ∆x under various pumping power, the power dependent amplitudes ∆x f and ∆x s are plotted in Fig. 3(c) . ∆x f (green dots), the oscillator strength change by the pump induced exciton population, shows a linear trend with increases pump power for low powers, and then saturates at higher powers. In contrast, ∆x s (blue dots), the oscillator strength change by the pump induced free carrier population, is very weak at low pump power and grows superlinearly as the exciton population begins to saturate. Such behav- iors suggest that the free carriers are created through the exciton Auger recombination process [10, [41] [42] [43] [44] [45] , where the collision between two excitons can nonradiatively annihilate one and transfer the energy to the second to ionize it to the free carrier continuum. Such a process leads to a quadratic dependence for the carrier density on the pump power. Fig. 3(d) shows the magnitudes of the terms in the ∆E fit parameter which describes the effects of the excitonexciton repulsion (∆E + ) and the free carrier induced resonance shift (−∆E − ). Under low power excitation ∆E + (red dots) shows a linear trend with the pump power just as expected [30] . However, at higher power ∆E + begins to grow superlinearly, implying that at high exciton densities the repulsion becomes stronger, and gives a nonlinear dependence on the exciton population. Similarly the ∆E − term (blue dots) also shows a slight superlinear behavior under high power.
The power-dependence of the decay times (τ f , τ s , τ + and τ − ) are shown in Fig. 3(e) as a function of the pump power. In general all decay times show a decrease with the increasing power. The two terms due to the exciton population (τ + and τ f , black and green dots, respectively) are in general much faster than the terms due the the free carrier population (τ − and τ s , red and blue dots, respectively) meaning that the optically active excitons decay faster than the optically inactive free carriers. Additionally the measured exciton decay timescales of 3 − 10 ps again agree well with the previously reported values for the exciton lifetimes [24, 25, [51] [52] [53] .
Finally we note that the width of the resonance, γ, which is derived as a global best fit independent of the delay time τ to each 2D map, generally increases with the pump power as shown in Fig. 3(f) . This is consistent with the decreasing lifetimes with the increasing power as shown in Fig. 3(e) , larger pump induced populations lead to stronger interactions and hence a decrease in the overall coherence lifetime, which manifests as an increase in the resonance width [54] . But when the pump power is below the probe power (15 µW), γ is nearly unchanged. This could be a signature of probe induced linewidth broadening [30] .
These observed significant many-body effects on exciton resonance in monolayer WSe 2 confirms the important role of the Coulomb interaction in 2D TMDs. Importantly, due to the short lifetime of the excitons, it is the free carrier band gap renormalization effect that dominates the long time behaviors of the nonlinear optical responses. Further understanding of these effects can shed light on the interesting physics in 2D semiconductors.
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